A field effect transistor (FET) charge sensor is proposed to work at a special operating condition in order to become extremely sensitive to the gate charge change caused by biomolecules. A device model has been established and the simulation results justify the hypothesis. It is found that at the depletion operating condition the proposed FET charge sensor will shift a gate voltage up to 1 mV in response to every electron per square micron, which is much more sensitive than other existing FET sensors.
Introduction: Recently, a great deal of interest has been focused on label-free electrical sensing of DNA or other biomolecules [1 -4] . Field effect transistor (FET) sensors, which are compatible with standard CMOS fabrication processes, have attracted strong and serious attention [5] [6] [7] [8] [9] [10] , owing to advantages in integration and mass production over other sensors. Since the basic working principles of FETs [11] are centred on the relationship between gate voltage and channel current, a more sensitive channel will be helpful to improve the sensitivity of the sensors so that a slight change in gate charge will cause a relatively large shift of gate voltage.
In this Letter, we have identified that under the depletion operating condition (DOC), the FET is the most sensitive to gate charge change. Since many types of biological materials, like DNA, RNA and other molecules, carry small amounts of charge, a device working in this sensitive condition may be used to directly detect these biomolecules.
Proposed charge sensor: The proposed FET charge sensor distinguishes itself from other FET sensors by working at the DOC. Since the need for a reference electrode (usually made of Ag/AgCl) hinders the integration of the biosensor, Barbaro et al. [12] proposed a modified FET biosensor using a control gate separated from the sensing gate to control the working conditions of the sensor accurately. Implemented accurate control means that the FET can be biased to the most sensitive DOC. When object molecules are injected and react with the molecule probes, the change of charges on the sensing gate will cause a change of carrier distribution in the substrate. Since the FET has already been adjusted to the most sensitive working condition, a slight change of charge will induce a much larger electrical potential change on the sensing gate.
Simulation:
In this Section, we will analyse the effect of charge on the sensing gate imposed on FET electrical characteristics. The intention is to measure the amplified source-drain current change due to the variation of charge on the gate. Therefore, the optimum gate voltage characteristics are simulated and the dependence of the source-drain current on the gate voltage at sub-threshold working condition is also explicitly provided.
Voltage characteristics: Assume the FET sensor is P type. For charge neutrality of the system, the relation among the charges is required to be:
where Q g is the charge on top of the gate, Q s is the induced charge in the substrate, Q ox is the doped charge in the silicon dioxide layer and Q ss is the interface (between substrate and silicon dioxide layer) charge. Since the variation of charge on the top of the gate ðQ g Þ will attract a corresponding amount of opposite charge, Q s , in the substrate, a variation of the surface potential, c s , occurs. Starting from Poisson's equation, the relationship between c s and Q s is described using the following equation:
where L D is the Debye length, n 0 and p 0 are the equilibrium minority and majority charge carrier density at temperature T ¼ 300 K, q is the elementary charge, k is the Boltzmann constant, and 1 s is the dielectric constant of silicon substrate.
The gate potential can be simplified as:
Since the total capacitance of FET mainly decides how large the gate voltage can be, due to a certain amount of gate charge, according to the formulation: dV ¼ dQ=C, we turn our attention to further examine the change in capacitance of FET (see Fig. 1 ). Since the total capacitance, C total , is the series connection of a constant C ox and a variable C s , which is a function of the surface potential, c s , the relationship between these capacitances and surface potential can be formulated as:
Fig. 1 MOS capacitances
where, d ox is the thickness of the silicon dioxide and 1 ox is the dielectric constant of the silicon dioxide layer. C ss is associated with the interface state effect between the silicon substrate and the silicon dioxide layer. The effect of the C ss imposed on the total capacitance is small enough that we can ignore its value in the numerical simulation. The simulation results are shown in Fig. 2 . Fig. 2a shows the relationship between the surface potential and the induced minority charges in the substrate. A flat segment, which locates at the depletion, indicates a sensitive working condition of surface potential to the induced minority charges. Since surface potential has a strong influence on the flat-band voltage and induced minority charges represent gate charges, we can expect a very sensitive working condition for gate charge. Furthermore, we examine the relationship of gate voltage and total capacitance of FET, see Fig. 2b . The valley of the curve, again, suggests a very sensitive working condition for detection. Fig. 2c shows, in DOC, how the gate voltage and the gate charge curve becomes linear with a high ratio coefficient. It confirms that, in this condition, a very small change in gate charge will introduce a large change of gate voltage. Converting the rate of the slope into sensor sensitivity, it is about one electron per square micron causing a 1 mV gate voltage, which is extremely sensitive compared to other sensors. Moreover, the simulation result also theoretically confirms that net charges in floating gate shift the voltage-charge curve horizontally (Fig. 2d) . In other words, the impact of net charges in floating gate will bias the device to DOC without altering the sensitivity of the sensor. Therefore, doping ions in the silicon dioxide layer will be able to bias the FET sensor at a desired point.
Current characteristics: Since the proposed FET sensor structure works at the DOC (it also works at the sub-threshold condition because by applying sub-threshold voltage on the gate, the FET will work at depletion condition), the current flowing from source to drain is largely due to the diffusion effect. The diffusion current in the MOS transistor is given by [11] :
where V gs is the voltage between gate and source, V ds is the voltage between drain and source, and q, k, T retain the same values as in previous definitions. When the transistor is in the saturation condition, where V ds is large enough and its changes can be ignored, the change of gate voltage influences the current exponentially. Fig. 3a shows the relationship between drain-source current and gate voltage in the subthreshold working condition. Since gate voltage influences drain current in accordance with the exponential relationship, we can identify slight changes in gate charges by detecting the change of drain current. The final relationship between gate charge and source-drain current is shown in Fig. 3b . 
Conclusion:
We have proposed and studied a FET biosensor working at the depletion working condition, which is very sensitive to charge changes on the gate area; about one electron per square micron will cause a 1 mV gate voltage change. This is much more sensitive than other FET biosensors.
